Abstract-Human behavior needs to be considered when designing buildings and infrastructures. In recent decades, building information modeling (BIM) has been increasingly adopted as a computer aided design methodology for architectural design, engineering design simulation and evaluation, and 4D constructability analysis. BIM models can be used to conduct engineering analyses while human behavior simulation using BIM models is still lacking. The research objective of this study is to connect BIM software with the human behavior simulation engine utilizing object-oriented computer programming language. A behavioral modeling engine is also developed in this study upon the agent-based modeling (ABM) approach. Finally, this paper presents a demonstrative example of four scenarios and the result proves that implementation of the occupant simulation help improve building design.
I. INTRODUCTION
Consideration of human factors in building design includes behavior in cases of emergencies (e.g. fire and earthquake) and day-to-day operations. Due to the massive casualties and property damage caused by an emergency, most of the previous work in human behavior simulation in buildings centered on emergency situations. Nowadays, engineers have come to realize the importance of human behavior simulation in day-to-day situations since occupants make decisions day by day that influence interior facilities and systems and change the energy utilization. In addition, the building structure and internal design often affect their decision and behavior. This research stream is mainly focused on modeling building occupancy and then analyzing the impact of occupants on the building and vice versa.
In the construction industry, building information modeling (BIM) has been extensively utilized as a computer-aided design (CAD) methodology. In addition to creating digital models, BIM can store abundant building information and incorporate third party software programs (e.g. ETABS) for design analyses. The feasibility to integrate human behavior simulation with the BIM technology has been introduced in literature [1] , but there is still little effort to establish such an integration. Due to the significance of human behaviors in building design and the lack of integration between human behavior simulations with BIM, this study aims to develop a human behavior simulation engine based on agent-based technique and a reliable link between this engine and BIM software.
II. BACKGROUND

A. Building Information Modeling
Building information modeling is defined by the United States National BIM Standard as "a digital representation of physical and functional characteristics of a facility" [2] . "A BIM model is a shared knowledge resource for information about a facility forming a reliable basis for decisions over its life cycle, which is defined as existing from earliest conception to demolition" [2] . Application of BIM on construction management is attracting more attention because recently the design, construction, and management of building and infrastructure projects require people to work collaboratively, sustainably and cost-effectively.
Every building component is a solid object in BIM models, unlike that in the 2D drawings or 3D models in the traditional CAD tools. Apart from geometric information, a BIM model contains information about materials, vendors for specific building products, quantity, cost, schedule, etc. A BIM model can be exported and used in third party software programs to conduct structural analysis, mechanical/HVAC simulation, solar and energy analysis, and other analyses.
BIM is beneficial to developers, facility managers, architects, engineers, contractors and more importantly, the construction industry [3] . It offers a platform where a collection of project participants work together for sharing construction documents and information, improving efficiency and collaboration, and predicting and identifying potential problems. This process is known as integrated project delivery (IPD), which leads to a more reliable delivery system that maximizes the project value.
B. Agent-Based Modeling
Agent-based modeling (ABM) is a relatively new approach for modeling real world systems. Although there are various different definitions of agents, a common view of an intelligent agent is a piece of computer software that is situated, autonomous, reactive, proactive, social, and flexible [4] , [5] . Each agent has attributes and behaviors controlled by decision rules, and is persistently interacting with other agents in an environment to pursue specific goals. ABM is a decentralized modeling technique which combines the computer programs in a distributed architecture as compared with the centralized modeling implemented by independent programs [6] .
Since the agent paradigm was introduced, this technique
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The modeling technique is becoming widespread due to the organizational structure analyzed is getting more complex while the agent paradigm for modeling and simulation of business organizations captures the nature of modeling complex systems [9] . The organizational structure becomes a large hierarchical system with many subsystems and in each level these subsystem can be decomposed into a number of independent entities. The agent paradigm divides a large problem into many autonomous components that act and react in a flexible manner in approaching their objectives [9] . Hence, ABM is well suited for modeling complex systems and is suitable for flexible management of changing organizational structures.
C. Agent-Based Human Behavior Simulation in Buildings
Human behavior affects other people and the environment in which one is situated. It is influenced by attitudes, culture, emotions, values A human system can be regarded as a complex system composed of a number of autonomous individuals. Each individual in a specific environment has particular attributes and follows behavioral rules. They learn to survive and make decisions in response to the changing environment where they are settled.
ABM is capable of capturing the emergent phenomena of modeling a human system. In the last few years, ABM has been applied to model human behavior simulation in buildings. Table I summarizes the past references in agent-based human behavior simulation in buildings.
One of the main research streams is to model human evacuation in case of emergency. In the simulation, an individual is simulated as an agent with specific attributes and decision rules. To identify the architectural defects which may incur inconvenience during evacuation, engineers often model the emergent behavior of a large number of human agents and analyze their evacuation pattern. Said and Kandil [10] et al. proposed an agent-based framework for modeling labor evacuation in high rise building construction sites. Pan et al. [11] defined human agents with different behavioral rules in several scenarios, and simulated and analyzed their egress patterns in a structure. Another stream is to model building occupancy under day-to-day operations and analyze the building usability. Andrews et al [1] provided a framework for modeling occupancy dynamics and a case study analyzing the impact of lighting on occupants. Over the past decade, green buildings have begun to permeate the public consciousness. The increasing demand for green buildings leads to a focus on simulating occupants' impact on building energy, electricity and water consumption and the impact of the interior system (e.g. HVAC) on occupants.
The above mentioned literature shows the potential of agent-based human behavior simulation in improving building designs and in finding ways to improve building performance.
III. PROPOSED FRAMEWORK
Human behavior simulation in buildings helps engineers to identify design shortcomings and to improve building performance. However, human behavior simulation using BIM technology is relatively lacking, leading to difficulties of understanding the compatibility between humans and buildings. This section introduces a modeling framework to integrate an agent-based human behavior simulation engine with BIM software.
The agent-based behavioral modeling engine was developed using AnyLogic, which supports graphical modeling language and allows users to construct models with Java codes. Autodesk Revit, a widely used BIM platform, is used as the BIM software in the proposed framework. Revit provides an application programming interface (API) to facilitate data transfer and since every building component in BIM software is a solid object, Revit API supports the object-oriented programming language. The API allows software developers to add customized tool bars, functionality, and connectivity to external sources using software programs written in Visual Basic /C#. Our modeling framework applies this methodology to transfer data from Revit to external application.
The proposed modeling framework is shown in Fig. 1 . At the beginning of modeling, one should determine the structure dimensions and draw the building geometry in Revit. Users can modify the building geometry and add additional building information from time to time. The image in the top left corner presents a 3D Revit BIM model and the external tool bars. The second step in the modeling is to transfer the BIM model data to the behavioral modeling engine through Revit API. The customized tool bar programmed by Visual C# will trigger two automatic processes. Firstly, the BIM model data will be exported into intermediate files and stored in a designated folder for simulation of the building geometry in the agent-based simulation engine. Secondly, the tool activates an external program written in Java, which will read the previous intermediate file and upload the information to the behavioral modeling engine.
The third step of the modeling framework is to define the modeling configuration in the human behavior simulation engine. As mentioned previously, the structure of an agent-based model comprises 1) a set of interacting agents with specific attributes and decision rules, and 2) the environment in which the agents are situated. Thus, the simulation engine should at least include two components: 1) an agent definition panel where users can define and adjust the human agent attributes, behavior and interaction, and 2) an environment setup panel where the building geometry can be incorporated and the structural configuration can be defined. The image in the top right corner of Fig. 1 shows an illustrative example of the simulation engine.
Modeling human behavior in emergency situation normally considers the characteristics of people and their movement. In a daily operation simulation case, human behavior becomes more complex and the definition of events is getting important. For example, employees may go to the conference room for a meeting. These types of behavior are driven by specific events controlled by a settled timetable. Hence, in the agent definition panel, the modeling parameters in Table II, Table III and Table IV can be defined and added into the engine. In the environment setup panel, users should define the structural configuration such as walls, obstacles, entrance, exit, safe egress, places where agents often stay. The human agents defined in the agent setup panel can recognize the structure and move within the defined environment.
Once the structural configuration and agents have been defined, users can start the simulation and analyze the behavior of various human agents. The simulation engine performs as a decision support tool, returning feedback information to the users. The modeling results help the architects and engineers to identify any plan shortcomings and find a way for plan improvement.
The proposed modeling framework can address the gap between the human behavior simulation engine and BIM models. In addition, more attributes and behavior rules can be defined and added to the simulation engine for modeling complex human behavior in buildings. Section IV provides a demonstrative example to illustrate the operation of the modeling framework.
IV. DEMONSTRATIVE EXAMPLE
A. Scenario Settings
The environment chosen is a section of the academic building at the Hong Kong University of Science and Technology, which comprises 14 offices, 5 classrooms, 1 administration center, a normal entrance and exit, and an emergency exit. After construction of the BIM model in Revit, the layout is exported through the API and C# application for human behavior simulation. Fig. 2 shows the 3D BIM model of the academic building in Revit. In the human behavior simulation system, users should define the normal entrance and exit, emergency exit, and walls. Fig. 3 is a snapshot of the academic building during simulation. Two types of occupants are defined in the demonstrative example: (1) 10 professor agents (the rectangles in Fig. 3 ) and (2) 170 student agents (circles). In this example, we only model and analyze the human evacuation behavior in case of emergency. Hence, the behaviors in daily situation such as teaching and attending courses are not herein shown.
First, agents will enter the building through the entrance with a normal speed of 1.1 m/s. The professor agents will go to different offices while the student agents will go to different classrooms (as shown in Fig. 3) . Then, the agents are working in the locations where they are settled. When emergency occurs, all the agents will evacuate with an evacuation speed of 1.4 m/s from their current locations to the exit. We test four scenarios in the example and in each scenario agents will evacuate through only one exit. In scenarios 1, 2 and 3, the normal exit is used while scenario 4 uses the emergency exit.
Scenario 1 is the original layout without considering queuing while scenario 2 considers the queuing capacity. In scenario 3, the queuing capacity is also considered but columns 1 and 2 (marked in Fig. 3 ) opposite to the administration center have been neglected. In previous scenarios, the student and professor agents will escape from the academic building through the normal exit. Scenario 4 considers the emergency exit and all agents will evacuate through this safe egress. 
B. Results and Discussion
Each scenario was tested 10 times and the average values were counted for comparison and analysis. In agent-based modeling and simulation, it is usual to analyze the emergent phenomena of a set of agents rather than individual behavior. Hence, we shift attention to a group of occupants and analyze their egress pattern.
Comparing the egress pattern of scenario 1 and 2, the first evacuation pattern is worse due to the lack of queuing near the exit. In scenario 1 the professor and student agents scramble towards the normal exit while in scenario 2 the agents egress in a good order when they are closed to the normal exit. A slight difference between the egress pattern of scenario 2 and 3 is that evacuees have more space to escape when they pass the corridor adjacent to the administration center. This leads to a reduction of 0.1 minutes (6 seconds) in the evacuation duration. In scenario 4, the occupants inside the building will evacuate through the emergency exit. Because the emergency exit is close to the classroom, more student agents can leave the academic building in a shorter time. The evacuation duration of scenario 4 is 1.7 minutes, which is a big improvement among the four scenarios.
The lines in Fig. 4 present the percentage of successful evacuees against the evacuation intervals. Scenario 1 has the lowest value. Scenario 2 has similar trend but its values during 1 to 1.5, and 1.5 to 2 minutes are larger than that of scenario 1. This means that people will take less time to evacuate once they recognize the importance of queuing.
The values of scenario 3 between 1 and 2 minutes are larger than those of scenario 2 (by roughly 15 % in total). The discrepancy between the scenario 2 and 3 indicates that removing the columns opposite to administration center allow evacuees to escape earlier and improve the evacuation efficiency. The dot-dash line Fig. 4 presents the result of scenario 4. 11.5 % of the occupants escape from the academic building in less than 0.5 minutes and approximately half of the occupants leave the building between 0.5 and 1 min. This is a big improvement as compared with the previous scenarios.
It is clear that the last scenario has the highest evacuation efficiency and a safer design is to construct an emergency exit for evacuation. On the other hand, proper evacuation education and management should be provided for the occupants such that the evacuees will not panic when emergency occurs
In the illustrative example, agents are allowed to evacuate by only one exit. In reality, however, evacuees may escape through both normal exit and emergency exit, depending on the distance between current locations and the exits. Thus, the evacuation duration for real condition may be even shorter than scenario 4.
V. CONCLUSION
This paper proposes a system framework to integrate human behavior simulation with BIM models for simulation of human behavior in buildings in both emergency and daily operation situations. The demonstrative example presented in part IV shows the operation of the modeling framework. Incorporation of human behavior simulation in BIM software facilitates building geometry creation in the simulation engine and helps engineers to improve building designs.
The proposed modeling framework is still in a prototype stage. The simulation engine will be enhanced by implemeting the cellular automata manoeuvring module as mentioned in [10] . In addition, the simulation engine will be constructed as an independent program and embedded in the BIM software. Moreover, more behaviral rules will be identified and added into the simulation engine for modeling complex human behavior in buildings.
